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ABSTRACT 24 
The effect of the conditions of sensitization on the photoelectrochemical performance of p-type dye-sensitized solar cells 25 
(p-DSCs) with screen-printed nickel oxide (NiO) photocathodes is analysed. The dye-sensitizers employed in the present 26 
study are asymmetric squaraines. The conditions of sensitization differ for the relative concentration of the anti-aggregating 27 
agent CDCA (chenideoxycholic acid) with respect to the concentration of the dye-sensitizer. The co-adsorption of CDCA 28 
onto NiO electrode brings about a decrease in the surface concentration of the anchored dye as well as a blue shift of the 29 
characteristic wavelengths of optical absorption of the asymmetric squaraines considered here. Beside this, the employment 30 
of CDCA as co-adsorbent reduces the overall conversion performance of the resulting squaraine-sensitized p-DSCs with 31 
consequent diminution of the short-circuit current density. This result is ascribed to the acid action of CDCA towards the 32 
amminic nitrogen of the squaraines. Quantum efficiency spectra show that CDCA acts as a quencher of the intrinsic 33 
photoelectrochemical activity of NiO. Moreover, CDCA does not interfere with the mechanism of charge injection 34 
effectuated by the photoexcited squaraines. The photoelectrochemical impedance spectra was analysed employing a model 35 
of equivalent circuit developed for semiconducting nanostructure electrodes. 36 
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KEYWORDS: squaraine, dye-sensitized solar cell, p-type, nickel oxide  38 
 39 
 40 
 41 
 42 
 43 
 44 
 45 
 46 
 47 
 48 
 49 
 50 
 51 
 52 
 53 
 54 
 55 
 56 
 57 
 58 
 59 
2 
 
INTRODUCTION 60 
The success of the dye-sensitized solar cell (DSC) [1] as an alternative device for the conversion of solar energy is due to a 61 
variety of reasons which include the use of low cost materials and the adoption of scalable methods utilizing experimental 62 
apparatuses that are non-sophisticated and economically practicable [2]. The operating principle of the 63 
photoelectrochemical DSC [3] is based on the process of charge photoinjection from the excited state of a light-absorbing 64 
molecule (the dye-sensitizer) [4] to a semiconducting electrode. In a DSC the starting event of charge separation in the dye-65 
sensitizer  is followed by the simultaneous injection of charges with a given sign to the semiconducting substrate (on which 66 
the dye-sensitizer has been immobilized), and the accompanying injection of charges of opposite sign to an opportune 67 
constituent of the redox couple. The redox couple thus acts as a shuttle of electrons (or redox mediator) in the electrolyte of 68 
the DSC. Moreover, the shuttle warrants the passage of the current through the electrolytic phase [5]. Electrode 69 
sensitization with strong light-absorbers is a process necessary to enlarge the spectral window of photoelectrochemical 70 
activity of the semiconducting electrode with respect to the situation in which the semiconductor is in the bare, pristine 71 
state. This is because the unmodified inorganic semiconductors are typically wide-bandgap materials with Eg > 3 eV, i.e. 72 
absorb energies not inferior to the near UV threshold [6]. Beside high optical absorbance in the visible range, the dye-73 
sensitizer must fulfil the matching of the frontier energy levels with the band edges of the semiconductor [7]. Such a 74 
phenomenon of proper energy level alignment is necessary to accomplish the charge transfer to/from the semiconducting 75 
substrate with monodirectional, irreversible, efficient and kinetically/thermodynamically favourable features [8]. The 76 
optically excited dye can inject either an electron or a hole to the semiconducting substrate: in the first case one refers to n-77 
type DSCs [9] while the second case of charge transfer occurs during operation of p-type photoelectrochemical cells [10]. 78 
The DSC with tandem configuration (t-DSC) is also conceivable provided both electrodes of the t-DSC are dye-sensitized 79 
and, consequently, display photoelectrochemical activity [11–14]. In such a configuration the t-DSCs have a higher 80 
theoretical limit of maximum efficiency of solar energy conversion (above 40%) with respect to n- and p-DSCs as 81 
predicted by the thermodynamic calculations of Shockley and Queisser in the early sixties [15]. In the realization of t-DSC 82 
the bottleneck is represented by the lack of matching of the photocurrents carried by the best performing photoanode and 83 
the best performing photocathode when these are combined together in the same photoelectrochemical cell. In fact, 84 
photocathodes (or p-type semiconductors) hardly reach photocurrent densities larger than 5 mA cm-2 in the corresponding 85 
p-DSCs [10], whereas photoanodes (or n-type semiconductors) can produce photocurrent densities as high as 17.5 mA cm-86 
2, i.e. at least 3 times larger [9]. The problem of the general amelioration of p-DSC performance has been tackled by 87 
following several directions of research. These embrace the improvement of the p-type semiconducting electrode, namely 88 
mesoporous NiO [16–33,33], the alteration of the nature of the electrolyte and the optimization of its composition [10, 34–89 
36] and the design and the realization of better-performing dye-sensitizers [22, 37–40]. In particular, we considered the 90 
aspect of the development of new dye-sensitizers [41] based on the structure of the squaraine [42] for the improvement of 91 
NiO-based p-DSCs. There are several reasons for adopting squaraines as dye-sensitizers of DSCs [43–49]: i) versatility of 92 
their synthetic chemistry [44–46], ii) strong optical absorption in the region of the near infrared (NIR) [50–54] and 93 
consequent absorption with complementary features with respect to traditional organic/organometallic dye-sensitizers [7], 94 
and iii) within the class of squaraines for p-DSCs [30, 55–58], the existence of several examples displaying HOMO energy 95 
level lower than the upper edge of the semiconductor valence band, and having the LUMO energy level higher than the 96 
level of the redox shuttle at the condition of equilibrium. In a previous work [41] we have demonstrated the suitability of a 97 
series of asymmetric squaraines (Figure 1), denominated DS_45 and DS_47, as dyes sensitizers of NiO cathodes for the 98 
assembly of p-DSCs. In that recent study we also showed that DS_45 produced photoelectrochemical cells with larger 99 
conversion efficiency in comparison to the benchmark sensitizer pSQ2 (0.043 vs 0.038) [56] when screen-printed NiO [32] 100 
was employed as the nanoporous cathode and no anti-aggregating agent [59] was used in the solution of sensitization. 101 
 102 
 103 
Figure 1. Structures of the three asymmetric squaraines DS_45, DS_47 and the benchmark pSQ2 considered here as 104 
sensitizers of p-DSCs. 105 
 106 
The use of a co-adsorbent [60–62] in the solution of sensitization with squarainic dyes is a common practice [55] for 107 
preventing the formation of aggregates of H- or J-type on the surface of the sensitized electrode. The risk of aggregate 108 
formation is higher for molecules having a flat structure, scarce conformational freedom and relatively large sizes as in the 109 
case of squaraines like those displayed in figure 1. The existence of such surface aggregates is generally deleterious for the 110 
photoactivated charge transfer between the optically excited dye and the electrode surface [63, 64] although this statement 111 
can lose validity for some classes of dye-sensitizers [65, 66]. Therefore, it is expected that the addition of an anti-112 
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aggregating agent like CDCA (Figure 2) [67, 68] in the sensitization solutions of NiO cathodes influences to some extent 113 
the performance of the corresponding photoelectrochemical cells of p-type when the squaraines shown in figure 1 are 114 
employed as dye-sensitizers. DS_45 and DS_47 (Figure 1) differ for the length of the alkyl substituent on the nitrogen atom 115 
of the condensed pyrrolic ring. Such a structural difference can affect the extent of dye-loading [69] as well as the 116 
probability of having intermolecular aggregation between the immobilized molecules of the dye-sensitizer [70]. The 117 
present work deals with the characterization of the p-DSCs adopting DS_45, DS_47 and the benchmark pSQ2 as 118 
photocathode sensitizers when the sensitization of the electrode is conducted in the presence of CDCA as anti-aggregating 119 
co-adsorbent. 120 
 121 
 122 
Figure 2. Structure of the co-adsorbent CDCA (chenodeoxycholic acid) employed here as an anti-aggregating agent against 123 
the formation of H-aggregates on the surface of the squaraine-sensitized electrode. 124 
 125 
 126 
In particular we   present the JV curves, incident photon-to-current conversion efficiency (IPCE) spectra and the spectra of 127 
photoelectrochemical impedance for the differently sensitized cells in order to rationalize the influence of the co-adsorbent 128 
CDCA (Figure 2) on the overall performance of the p-DSCs sensitized with the squaraines shown in figure 1. We have 129 
considered screen-printed NiO [30] in the configuration of thin film (thickness l < 4 m) [71] as mesoporous cathodes of 130 
the p-DSCs analyzed here.  131 
 132 
 133 
MATERIALS AND METHODS  134 
 135 
Syntheses of squaraines 136 
The synthetic procedures for the realization of the squaraines DS_45 and DS_47 (Figure 1) are detailed in [41] and 137 
references therein. The synthetic path of DS_45 and DS_47 is common for both dyes and follows the same sequence of 138 
reactions (Scheme 1) [41]. The scheme consists of several steps with the alkylated derivative of 5-bromoindole (4) 139 
representing the precursor for the formation of the squaraine skeleton (Scheme 1). The benchmark dye pSQ2 (Figure 1) 140 
was homemade according to a slightly modified version of the procedure described in [56]. All the commercial reagents 141 
and solvents used in the preparation of squaraines DS_45 and DS_47 were purchased either from Sigma-Aldrich or from 142 
Fluka and were used as received.  143 
 144 
Preparation and deposition of NiO electrodes 145 
For the screen-printing deposition of NiO electrodes we first prepared a precursor paste of viscous consistency, which 146 
contained preformed nanoparticles of NiO (diameter ≤ 50 nm). The details of the chemical composition of the paste are 147 
given in [55] and [41]. All the chemicals employed in the preparation of the precursor paste for the screen-printing 148 
procedure were of the highest degree of purity available and were purchased from Sigma-Aldrich and Fluka. The chemicals 149 
were used without any further procedure of purification. The details regarding the preparation of the precursor paste, its 150 
modality of screen-printing deposition onto fluorine-doped tin oxide (FTO)-covered glass substrates (from Solaronix) and 151 
the sintering conditions are given in [32]. The resulting screen-printed NiO electrode had a photoactive area of 0.25 cm2. 152 
 153 
NiO electrode sensitization 154 
The sensitization of screen-printed NiO photocathodes with the three squaraines shown in figure 1 was realized through 155 
electrode dipping in an ethanol solution containing 0.2 mM dye-sensitizer and CDCA (Figure 2) at variable concentration. 156 
When CDCA was present the two concentration ratios were [CDCA]:[Dye] = 10:1 and 50:1. All screen-printed NiO 157 
samples were sensitized at room temperature for a couple of hours. Upon completion of the sensitization step the sensitized 158 
electrode was removed from the tincture solution and washed gently two times with the solvent of sensitization, i.e. pure 159 
ethanol.  The optical transmittance of the squaraine-sensitized electrodes was measured using the double ray spectrometer 160 
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UV-2550 (from Shimazdu). 161 
 162 
 163 
 164 
 165 
Scheme 1. Synthetic path adopted for the preparation of squaraines DS_45 (8, R = -C2H5) and DS_47 (8, R = -C12H25).  In 166 
the intermediate step of N-alkylation 3  4 the reactants ethyl-iodide and dodecyl-iodide were used for the attainment of 167 
DS_45 and DS_47, respectively.   168 
 169 
Counter electrode preparation 170 
The counter electrode of the p-DSC consisted of a substrate of FTO which was rendered electrocatalytically active upon 171 
platinization, i.e. upon formation of nanoisland of Pt on FTO. Platinised FTO was obtained through the procedure 172 
previously reported [72].  173 
 174 
Assembly of the p-DSC The screen-printed electrode of NiO and platinised FTO were assembled together in a sandwich 175 
configuration using the thermoplastic polymer Bynel® as spacer between the two electrodes and sealant of the cell. After 176 
electrodes sandwiching, the commercial liquid electrolyte HSE (high stability electrolyte) from Dyesol was injected inside 177 
the cell using the vacuum backfilling technique. HSE is based on the redox shuttle iodide/triiodide. The hole drilled on one 178 
glass substrate for electrolyte injection was finally sealed with the liquid resin 3035B (from Threebond) that gets hardened 179 
upon ultra-violet (UV) curing. 180 
 181 
Photoelectrochemical cell characterization 182 
The JV curves of the p-DSCs were recorded under illumination using the solar simulator Solar Test 1200 KHS (class B) at 183 
1000 W m-2. The artificial sun employed here had the emission spectrum AM 1.5 G. The IPCE curves were recorded using 184 
a computer-controlled set-up consisting of a Xe lamp (Mod.70612, Newport) coupled to a monochromator (Cornerstone 185 
130 from Newport), and a Keithley 2420 light-source meter. The spectra of electrochemical impedance were determined 186 
using an AUTOLAB PGSTAT12® from Metrohm at the condition of open circuit potential in both dark conditions and 187 
under solar simulator illumination. For the experiments of electrochemical impedance spectroscopy (EIS) conducted under 188 
illumination the applied potential was also modulated within ± 20 mV with respect to the value of open circuit. In the EIS 189 
experiments conducted in the absence of illumination the potential perturbation had an amplitude of 10−2 V. The frequency 190 
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range of the impedance perturbation varied depending on the cell state, i.e. if illuminated or not. Impedance spectra were 191 
recorded within the frequency ranges 10−1−105 Hz and 10−2−105 Hz when the cell was under illumination and in dark 192 
conditions, respectively. The impedance spectra were modeled and fitted using Z-View software from Scribner Associates 193 
Inc.   194 
 195 
 196 
RESULTS AND DISCUSSION 197 
 198 
Optical properties of the sensitized NiO electrodes 199 
The optical transmission properties of the NiO films sensitized with DS_45, DS_47 and pSQ2 (Figure 1) when the co-200 
adsorbent concentration varied in the sensitizing solution are presented in figure 3. Within the visible and NIR ranges the 201 
transmittance values of sensitized NiO resulted systematically lower than those of bare NiO. This result clearly evidences 202 
the sensitizing action of the three squaraines under consideration on screen-printed NiO and constitutes the necessary 203 
starting point to achieve photocathodes suitable for the applications of p- and t-DSCs. Another significant aspect of the 204 
observed trend in the transmission spectra in figure 3 is related to the extent of the diminution of electrode transmittance 205 
upon variation of CDCA concentration in the solution of sensitization. The larger ratio of concentrations [CDCA]/[dye] (= 206 
50:1) in the tincturing solution leads to a weaker effect of NiO sensitization by the dye. This is expected as a consequence 207 
of the stronger tendency of anchoring for CDCA with respect to a squaraine sensitizer by virtue of the effect of mass [55]. 208 
Concomitant with the lower extent of sensitization is the smaller value of dye-loading for all the squarainic dye-sensitizers 209 
employed here (Table 1). The determination of dye-loading was conducted spectrophotometrically with the measurement 210 
of the optical spectra of the solution of the dye molecules desorbed from the NiO electrode surface. Dye-sensitizer 211 
desorption is achieved quantitatively by immersing the sensitized electrode in a solution of acetic anhydride for 5 minutes 212 
[55]. The data in table 1 indicate that the increase in the amount of CDCA in the dipping solution causes a blue-shift of the 213 
wavelength of maximum optical absorption (MAX). This fact could not be noticed in a previous work from us which 214 
reported the effect of CDCA on the sensitizing action of symmetric squaraines [55]. In the present case we ascribe such an 215 
effect of absorption shift to the protonation of the nitrogen of the triphenylamminic units in the structures presented in 216 
figure 1. This process of protonation can cause a modification of the extent of electronic conjugation in the aromatic 217 
species with consequences on the allowed energies of absorption. As previously outlined, the higher the concentration of 218 
CDCA in the sensitizing solution, the higher the transmittance values and, consequently, the lower the amount of anchored 219 
dye (Table 1). The decrease of transmission is quite evident for all three dyes when the concentration ratio [CDCA]:[dye] 220 
passes from 0:1 to 10:1. Upon further increase in the ratio [CDCA]:[dye] to 50:1 only the DS series did not produce any 221 
sensible decrease of transmittance. This is true especially for DS_45 (Figure 3, middle frame).  222 
Unlike the process of sensitization with DS squaraines, the presence of a relatively large amount of CDCA in the dipping 223 
solution impedes the anchoring of pSQ2 almost completely since the spectrum of NiO immersed in the solution with 224 
[CDCA]:[pSQ2] = 50:1 practically retraces the one of bare NiO (Figure 3, top frame). Such a specific behavior of pSQ2 is 225 
caused by the structural differences between pSQ2 and the DS compounds (Figure 1) with pSQ2 having a larger skeleton 226 
and then a slower kinetics of anchoring with respect to DS_45 and DS_47. In the presence of CDCA the considerably 227 
different lengths of the alkyl chains in DS_45 and DS_47 has no apparent effect on the control of the process of dye 228 
anchoring (Table 1). This conclusion is somewhat in contrast to what was previously determined by the analysis of NiO 229 
sensitization process using symmetric squaraines [55]. 230 
 231 
 232 
Table 1. Variations in the wavelength of maximum absorption (MAX) and of the corresponding value of optical 233 
transmission (T) of squaraine-sensitized NiO (thickness, l = 2 m) upon variation of the composition of the sensitization 234 
solution (data extracted from figure 3). The changes in the composition of the sensitization solution are expressed in terms 235 
of the concentration ratio [CDCA]/[dye] with the squarainic dye-sensitizers having a fixed concentration ([dye] = 0.2 mM). 236 
In the last column on the right the surface concentration (in mol cm-2) of the dye loaded by screen-printed NiO is reported. 237 
 238 
Dye CDCA:dye 
molar ratio 
MAX/nm T / % Dye loading (*10
-8 
mol/cm2) 
pSQ2 pure 605 51.67 1.28 ± 0.12 
10:1 609 55.07 0.96 ± 0.10 
50:1 / / 0.05 ± 0.03 
DS_45 pure 647 53.31 1.52 ± 0.16 
10:1 635 59.06 0.68 ± 0.12 
50:1 631 60.98 0.46 ± 0.09 
DS_47 pure 647 48.41 1.12 ± 0.09 
10:1 660 53.61 0.85 ± 0.09 
50:1 656 58.99 0.48 ± 0.08 
 239 
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                                240 
                241 
                                                                                    242 
 243 
 244 
Figure 3.  Spectral variations in optical transmittance of squaraine-sensitized NiO films when different concentrations of 245 
CDCA were used in the solution of sensitization. For the sake of comparison the spectrum of pristine NiO in the non 246 
sensitized state is also shown. The ratios in the legend indicate the molar ratio squaraine:CDCA. Top frame: spectra of 247 
pSQ2-sensitized NiO; middle frame: spectra of DS_45-sensitized NiO; bottom frame: DS_47-sensitized NiO. 248 
 249 
7 
 
Characteristics of squaraine-sensitized p-DSCs  250 
 251 
  252 
 253 
 254 
 255 
 256 
 257 
Figure 4. Characteristic JV curves of the NiO-based p-DSCs with  pSQ2 (top), DS_45  (middle) and  DS_47 (bottom)  as 258 
sensitizers. The profiles were determined when NiO photocathodes were sensitized at different values of [CDCA]. The 259 
concentration of the dye was kept constant. Black curves were determined when NiO cathode sensitization was conducted 260 
in the absence of CDCA ([dye]=0.2 mM).  The dark grey and light grey curves were determined when the molar ratio 261 
[dye]/[CDCA] in the solution of NiO sensitization were 1:10 and 1:50, respectively. 262 
  263 
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Figure 4 shows the characteristic JV curves of the p-DSCs derived from the differently sensitized NiO cathodes and table 2 264 
reports the corresponding photoelectrochemical parameters of open circuit voltage (VOC), short-circuit current density (JSC), 265 
fill factor (FF) and overall conversion efficiency () when the p-DSCs were illuminated with a sun simulator producing a 266 
radiation intensity of 1000 W m-2. In all cases examined here the effect of the presence of CDCA in the solution of NiO 267 
sensitization consists in the inhibition of the photoelectrochemical activity of the resulting  photocathode when the dyes are 268 
the asymmetric squaraines DS_45, DS_47 and pSQ2 (Figure 1). The most affected parameter is a dynamic one, i.e. JSC, 269 
whereas the others tend to decrease more slowly upon increase in CDCA chemical activity in the solution of sensitization. 270 
This is somewhat unexpected since it is widely recognized that the co-adsorption of the anti-aggregating agent CDCA 271 
ameliorates the photoelectrochemical performance of squarine-sensitized photoelectrodes by virtue of the kinetic 272 
stabilization which molecular isolation imparts to the actual photoexcited species that is immobilized on the electrode 273 
surface [48, 73–79]. The lack of any beneficial effect of CDCA co-adsorption on the p-DSC performances recorded here 274 
(Table 2) and the resulting detrimental influence could be due to three main reasons (existing either simultaneously or 275 
separately): i) the eventual absence of intermolecular aggregation between pSQ2, DS_45 and DS_47 molecules in the 276 
surface-immobilized state even when the electrode is sensitized in CDCA-free solutions since the sizes of the present series 277 
of squaraines (Figure 1) are large  enough to avoid strong intermolecular interactions; ii) the inefficacy of the possible 278 
aggregates of DS_45, DS_47 and pSQ2  to retard or prevent the process of photoinduced electron transfer (et); and iii) the 279 
deleterious effect of squaraine protonation (due to co-adsorbed CDCA) on the photoactivation and/or realization of the  et 280 
process due to electron trapping phenomena. The different structures of squaraines DS_45, DS_47 and pSQ2 (Figure 1) 281 
have no substantial effect on the extent of the loss in the overall performance as imparted by the co-sensitization with 282 
CDCA (Table 2). In the absence of the co-sensitizer, the most performing squaraine is DS_45 in accordance to previously 283 
reported results [41]. The external quantum efficiency determined at the condition of short-circuit presents spectral profiles 284 
(Figure 5) which are consistent with the data in table 2. The non-uniform diminution of spectral efficiency in 285 
correspondence of the characteristic absorption of squaraines DS_45, DS_47 and pSQ2 (Figure 1) [41] upon increase in the 286 
concentrations of CDCA (Figure 5) supports the hypothesis of an important effect of et quenching due to the dye 287 
protonation (point iii, vide supra) and deactivation of NiO photoactive sites rather than the exertion of an action of 288 
squaraine disaggregation by CDCA. 289 
 290 
 291 
Table 2. Photoelectrochemical parameters of open circuit voltage (VOC), short-circuit current density (JSC), fill factor (FF) 292 
and overall conversion efficiency (η) of the p-DSCs displaying the characteristic JV curves shown in figure 4.  293 
 294 
Dye [CDCA]:[dye]  VOC / mV JSC / mA cm-2 FF / % η / % 
pSQ2 0:1 105 -0.955 38.2 0.038 
10:1 103 -0.515 38.1 0.020 
50:1 97 -0.059 37.9 0.002 
DS_45 0:1 106 -1.077 37.4 0.043 
10:1 102 -0.861 38.3 0.033 
50:1 96 -0.450 33.7 0.014 
DS_47 0:1 101 -0.708 37.1 0.027 
10:1 100 -0.587 38.1 0.022 
50:1 96 -0.240 36.0 0.008 
 295 
   296 
 297 
The IPCE (incident photon-to-current conversion efficiency) spectra are characterized by the presence of two different 298 
contributions: the most intense one at lower wavelengths is due to bare NiO, whereas the minor one at higher wavelengths 299 
is attributable to the photoactivity of the dye. The two ranges of photoelectrochemical activity of squaraine-sensitized p-300 
DSCs are complementary to each other and both of them contribute to the overall efficiency of conversion. An interesting 301 
aspect of the spectra shown in figure 5 is the extent of IPCE diminution which is caused by CDCA co-sensitization in 302 
correspondence to the wavelength range 300-540 nm when the squaraine varies its structure. As previously stated, within 303 
this particular interval bare NiO displays its intrinsic photoelectrochemical activity [30, 55, 80]. Moreover, it is known that 304 
CDCA deactivates the photoelectroactivity of the bare electrodes of the NiO samples prepared via screen-printing [55]. The 305 
comparative analysis of the trends of IPCE spectra (Figure 5) reveals that the extent of NiO photoelectrochemical 306 
deactivation caused by CDCA co-adsorption is influenced by the nature of the dye-sensitizer. Since the deactivation of the 307 
intrinsic photoelectrochemical activity of NiO is directly proportional to the amount of adsorbed CDCA we conclude here 308 
that the concentration of chemisorbed CDCA increases in the adopted conditions of sensitization on going from DS_45 to 309 
pSQ2 through DS_47. This trend is then correlated to the variations of dye-loading evaluated on freshly sensitized NiO 310 
electrodes according to the data summarized in table 1. These facts further confirm the inhibitory action of the 311 
disaggregating acidic agent CDCA towards the photoelectrochemically active sites of NiO.     312 
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 314 
 315 
 316 
                 317 
Figure 5.  IPCE spectra of the p-DSCs sensitized with pSQ2 (top), DS_45 (middle) and DS_47 (bottom) under different 318 
conditions of sensitization. Spectra were recorded when NiO photocathodes were sensitized at different values of [CDCA]. 319 
The value of [dye] was kept constant. Black curves were determined when NiO cathode sensitization was conducted in 320 
absence of CDCA ([dye]= 0.2 mM). The dark grey and light grey curves were determined when the molar ratio 321 
[dye]/[CDCA] in the solution of NiO sensitization were 1:10 and 1:50, respectively. 322 
 323 
 324 
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Photoelectrochemical impedance response of squaraine-sensitized p-DSCs  325 
The electrochemical impedance spectra of the variously sensitized p-DSCs (Figures 6 and 7) were recorded when the cells 326 
were illuminated and maintained at the potential of open circuit (Table 2).    327 
 328 
 329 
 330 
Figure  6. Nyquist plots of the electrochemical impedance spectra of the p-DSC sensitized with pSQ2 (black dots), DS_45 331 
(dark grey squares) and DS_47 (light grey diamonds) at their respective values of open circuit photopotential (see table 2).  332 
The spectra have been recorded when CDCA was not employed in the sensitization solution. The inset represents the 333 
equivalent circuit adopted to fit all the photoelectrochemical impedance spectra of the differently squaraine-sensitized p-334 
DSCs.  335 
 336 
For the fitting of the photoelectrochemical impedance data shown in figures 6 and 7 we adopted the equivalent circuit 337 
shown in the inset of figure 6. This circuit was developed originally by Bisquert for the analysis of the impedance response 338 
given by the n-type version of the DSCs [81]. The characteristics of the frequency response given by the sole photocathode 339 
are delineated in the transmission line (inset of figure 6) [82, 83], whereas  Rs, RCE and CPECE (a constant phase element) 340 
refer to the characteristics of the DSC electrolyte (namely Rs) and of the counter electrode (RCE and CPECE). The circuital 341 
element of the transmission line includes all the electrical parameters associated to the charge transport properties and the 342 
capacitive characteristics of the sensitized electrode when this is constituted by an electroactive nanoporous material 343 
[82,83]. The transmission line comprises the resistive contributions Rt (the charge transport resistance through the 344 
photocathode),  Rrec (the charge recombination resistance at the photocathode/electrolyte interface) [30, 55–57, 80] and the 345 
capacitive element Cµ [81]. The capacitive element of chemical capacitance [84, 85] is expressed in F m-3 and describes the 346 
capability of exchanging charge carriers per unit volume upon variation of the chemical potential of the charge carriers i 347 
(in J). The parameter i is controlled by the density of charge carriers Ni (in m-3) within the working electrode [86]. In an 348 
electrodic system like the squaraine-sensitized cathode of NiO the charge carrier is the hole, the chemical potential of 349 
which is altered by the variation in the photopotential caused by the changes in light intensity [87]. The chemical 350 
capacitance is related to the charge storage properties of the photoelectrode under different conditions of photocarrier 351 
injection [88]. Equations 1-4 [83] correlate the electrical terms of Rt, Rrec and Cµ to the charge carrier (holes) parameters τd, 352 
τh, Dh and Lh: 353 
 354 
 355 
τd = Rt * Cµ                   {1} 356 
τh  = Rrec * Cµ                                  {2} 357 
Dh = Lh2/ τd   = Lh2 /(Rt * Cµ)    {3} 358 
Lh =  l * (Rrec / Rt)1/2      {4} 359 
 360 
 361 
 362 
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 363 
    364 
   365 
Figure  7. Nyquist plots of the electrochemical impedance spectra of the p-DSCs sensitized with pSQ2 (top), DS_45 366 
(middle) and DS_47 (bottom) at their respective values of open circuit photopotential under different conditions of NiO 367 
sensitization (see table 2). Black circles and black line indicate the impedance spectra and the fitting curve, respectively, 368 
obtained from the equivalent circuit presented in figure 6. when the sensitizing solution does not contain CDCA. Dark grey 369 
squares and light grey full line indicate the impedance spectra and the corresponding fit, respectively, when solution 370 
sensitization has the relative composition [CDCA]:[squaraine] = 10 : 1. Light grey diamonds and light grey full line 371 
indicate the impedance spectra and the corresponding fit, respectively, when solution sensitization has the composition 372 
[CDCA]:[squaraine] = 50 : 1.  373 
 374 
In eqs. 1-4 the microscopic parameters of τd, τh, Dh and Lh refer to the time of hole diffusion, the average lifetime of the 375 
hole, the diffusion coefficient of the hole and the length of hole diffusion, respectively [89]. In eq.4, l represents the 376 
nominal thickness of the electrode as determined by a profilometer [32]. It must pointed  out that the porous nature and the 377 
non uniform, inhomogeneous character of the screen-printed NiO electrode [30,32,71] considered here does not allow the 378 
correct evaluation of the length of the path actually available to the charge carriers simply through film thickness 379 
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determination. The distance charge carriers can actually traverse is expected to be larger than the nominal value of film 380 
thickness, i.e. 2 m. Table 3 lists the fitting values of the three main electrical parameters associated to the transport and 381 
capacitive properties of the NiO photocathode when it is sensitized in solutions with varying concentrations of the co-382 
adsorbent CDCA. The values in table 3 were utilized to fit the photoelectrochemical impedance data shown in figures 6 and 383 
7. 384 
 385 
Table 3. Fitting values of the electrical parameters related to the charge transport properties Rt and Rrec of the squaraine-386 
sensitized NiO cathode. The chemical capacitance Cµ is also reported. The three electrical terms are included in the element 387 
of transmission line (see inset of figure 6). The transmission line is the circuital element employed to describe the 388 
impedance of the photoelectrochemical cell at the photopotential of open circuit. The set of parameters reported here 389 
allowed the interpolation of the corresponding impedance spectra reported in figures 6 and 7. The quality of the fitting was 390 
evaluated using the 2-test (< 10-5 except for the fitting of the spectrum of the p-DSC sensitized with pSQ2 when the 391 
sensitization conditions were [CDCA]:[dye] = 50 : 1). 392 
 393 
      394 
Dye [CDCA]:[dye]  Rt / Ω Rrec / Ω Cµ  / F 
pSQ2  0:1 21.2 ±1.3 80.4 ± 4.0 45 ± 5 
10:1 24.0 ± 1.3 117.3 ± 4.6 43 ± 4 
50:1 312.4 ± 7.9 665.0 ± 12.1 39 ± 2 
DS_45             0:1 24.6 ±1.6 96.1 ± 4.8 40 ± 1 
10:1 25.9 ± 1.5 94.2  ± 5.1 40 ± 2 
50:1 74.7 ± 2.3 133.0  ± 7.0 38 ± 2 
DS_47  0:1 24.6 ± 1.3 111.7 ± 4.2 39 ± 1 
10:1 29.4  ± 1.6 91.8 ± 4.0 39 ± 1 
50:1 55.6 ± 2.3 201.4 ± 5.8 50 ± 4 
 395 
 396 
Table 4 presents the values calculated through eqs. 1-4 for the four main charge carrier parameters that describe the 397 
diffusive properties and time-stability characteristics of the holes photoinjected in the differently sensitized NiO 398 
photocathodes. Data tabulated in tables 3 and 4 present some common trends for the three differently sensitized 399 
photocathodes of NiO: a) general tendency of the NiO resistive terms Rt and Rrec to increase upon increase in the CDCA 400 
concentration in the sensitizing solution; b) increase in  the characteristic times τd and τh for the photoinjected holes upon 401 
increase in the CDCA concentration in the sensitizing solution; c) general tendency of the diffusive parameters Dh and Lh to 402 
decrease upon increase in the CDCA concentration in the sensitizing solution; d) scarce dependence of the chemical 403 
capacitance Cµ on the concentration of CDCA in the solution of sensitization.      404 
 405 
Table 4. Values of the parameters related to the characteristics of charge carriers τd, τh, Dh and Lh. This set of data was 406 
calculated via eqs.1-4 utilizing the fitting data reported in table 3. 407 
 408 
Dye [CDCA]:[dye]  τd  / ms h  / ms Dh / 10-6cm2 s-1 Lh / µm 
pSQ2 0:1 0.97 ± 0.10 3.65 ± 0.12 158.4 ± 14.2 3.62 ± 0.42 
10:1 1.03 ± 0.11 5.04 ± 0.20 189.8 ± 16.2 4.42 ± 0.21 
50:1 12.2 ± 0.8 25.9 ± 0.96 6.98 ± 0.98 2.92 ± 0.20 
DS_45 0:1 0.98  ± 0.08 3.95 ± 0.46 159.2 ± 15.4 3.85 ± 0.24 
10:1 1.04 ± 0.06 3.77 ± 0.52 139.6 ± 10.1 3.81 ± 050 
50:1 2.76 ± 0.12 4.94 ± 0.65 25.8 ± 8.2 2.67 ± 0.82 
DS_47 0:1 0.96  ± 0.05 4.26 ± 0.19 181.8 ± 5.2 4.36 ± 0.16 
10:1 1.15 ± 0.08 3.58 ± 0.22 108.3 ± 6.3 3.53 ± 0.46 
50:1 2.78 ± 0.32 10.0 ± 1.02 52.2 ± 4.0 3.81 ± 0.62 
 409 
 410 
The observation in point (a) is ascribable to the diminution of photoinjected charge carriers upon increase in the 411 
concentration of the co-adsorbed CDCA and the concomitant diminution of chemisorbed dye-sensitizer (see dye-loading 412 
values in table 1) due to the recognized action of photoelectrochemical passivation exerted specifically on NiO by surface-413 
immobilized CDCA (Figure 5) [55]. A decrease in the diffusive time and hole lifetime [point (b)] is consistent with the 414 
diminution of the concentration of photoinjected charges if the mechanism of charge transport through a mesoporous 415 
semiconductor like screen-printed NiO occurs via trap-mediated hopping between confined states having a fixed 416 
concentration within the nanostructured system [90]. The generalized decrease in the two directly correlated hole transport 417 
parameters Dh and, to a lesser extent, Lh (Eqs. 3 and 4) with the increasing concentration of the surface-immobilized CDCA 418 
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[point (c)] is not so straightforward since these two parameters are mainly associable to the bulk properties of the metal 419 
oxide electrode rather than its surface composition. A tentative explanation for such an observation could be the occurrence 420 
of charge-trapping phenomena exerted by the co-adsorbed CDCA, in addition to the effect of surface passivation 421 
aforementioned. Under these circumstances we suppose that chemisorbed CDCA induces an effect of immobilization 422 
towards the photoinjected holes due to the presence of the excess of negative charge following its deprotonation (the latter 423 
reaction is necessary to start the process of surface immobilization of CDCA onto NiO 424 
 425 
 426 
 427 
 428 
            429 
 430 
Figure 8. Potential dependence of the circuital parameters Rt (top), Rrec (middle) and Cµ (bottom) defining the transmission 431 
line of the equivalent circuit shown in figure 6. Sensitizer: pSQ2. The co-sensitization of the NiO electrodes was conducted 432 
in solutions with concentration ratios [CDCA]:[pSQ2] = 0:1 (black circles), 10:1 (dark grey squares) and 50:1 (light grey 433 
diamonds). 434 
 435 
). Since screen-printed NiO is nanostructured [30, 32, 71], i.e. possesses a large surface area/effective volume ratio, the 436 
phenomenon of charge trapping from surface-confined species is expected to have a non negligible importance since it 437 
involves a relatively large portion of the system with respect to its wholeness. As far as the observation in point (d) is 438 
concerned, i.e. the scarce dependence of the chemical capacitance Cµ on the concentration of CDCA in the solution of 439 
sensitization, the lack of a univocal trend in the chemical capacitance Cµ upon variation in the CDCA concentration in the 440 
sensitizing solution (Table 3) is consistent with the fact that the chemical capacitance is mostly affected by the nature of the 441 
electrode material itself rather than the nature of the chemisorbed species [41]. In fact, the variation in the concentration of 442 
CDCA in the solution of sensitization affects the amount of CDCA chemisorbed onto the NiO electrode surface but not the 443 
chemical capacitance Cµ of the electrode itself. Since capacitance is the ratio of the charge distribution Q at an interface to 444 
the potential variation V that such distribution develops at the same interface, we expect that a poor/extensive charge 445 
photoinjection will be correspondingly accompanied by a small/large gradient of interfacial potential with the resulting 446 
quasi-constancy of the ratio Q/V. With these premises the parameter Cµ can be considered as poorly dependent on the 447 
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extent of charge photoinjection if the nature of the electrode is kept invariant and only the nature of the dye-sensitizer is 448 
modified. We also recorded the impedance spectra of the p-DSCs under steady-state conditions of applied potential within 449 
the range VOC ± 20 mV (not shown). This additional series of measurements was carried out in order to determine the 450 
changes in the electrical parameters of the photocathode when the operative conditions of the photoelectrochemical cell 451 
were varied. The potential dependence of the fitting circuital parameters Rt, Rrec and Cµ, and the corresponding variations in 452 
the microscopic properties τd, τh, Dh and Lh for the various photocathodes are presented in figures 8-13. 453 
 454 
                    455 
 456 
           457 
Figure 9. Potential dependence of the microscopic properties τd (top left), τh (top right), Dh (bottom left) and Lh (bottom 458 
right) related to the holes photoinjected in pSQ2-sensitized NiO. These hole parameters were calculated from the values of 459 
Rt, Rrec and Cµ reported in figure 8 using eqs. 1-4. Conditions of sensitization: [CDCA]:[pSQ2] = 0:1 (black circles), 10:1 460 
(dark grey squares) and 50:1 (light grey diamonds).  461 
 462 
 463 
 464 
 465 
 466 
 467 
 468 
 469 
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 470 
     471 
                                                       472 
Figure 10. Potential dependence of the circuital parameters Rt (top), Rrec (middle) and Cµ (bottom) defining the transmission 473 
line of the equivalent circuit shown in figure 6.  Sensitizer: DS_45. The co-sensitization of the NiO electrodes was 474 
conducted in solutions with concentration ratios [CDCA]:[DS_45] = 0:1 (black circles), 10:1 (dark grey squares) and 50:1 475 
(light grey diamonds). 476 
 477 
 478 
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       479 
   480 
 481 
Figure 11. Potential dependence of the microscopic properties τd (top left ), τh (top right), Dh (bottom left) and Lh (bottom 482 
right) related to the holes photoinjected in DS_45-sensitized NiO. These hole parameters were calculated from the values of 483 
Rt, Rrec and Cµ reported in figure 10 using eqs. 1-4. Conditions of sensitization: [CDCA]:[DS_45] = 0:1 (black circles), 10:1 484 
(dark grey squares) and 50:1 (light grey diamonds).  485 
 486 
 487 
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 488 
 489 
 490 
 491 
 492 
Figure 12. Potential dependence of the circuital parameters Rt (top), Rrec (middle) and Cµ (bottom) defining the transmission 493 
line of the equivalent circuit shown in figure 6.  Sensitizer: DS_47. The co-sensitization of the NiO electrodes was 494 
conducted in solutions with concentration ratios [CDCA]:[DS_47] = 0:1 (black circles), 10:1 (dark grey squares) and 50:1 495 
(light grey diamonds). 496 
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 497 
 498 
       499 
       500 
 501 
 502 
Figure 13. Potential dependence of the microscopic properties τd (top left), τh (top right), Dh (bottom left) and Lh (bottom 503 
right) related to the holes photoinjected in DS_47-sensitized NiO. These hole parameters were calculated from the values of 504 
Rt, Rrec and Cµ reported in figure 12 using eqs. 1-4. Conditions of sensitization: [CDCA]:[DS_47] = 0:1 (black circles), 10:1 505 
(dark grey squares) and 50:1 (light grey diamonds).  506 
 507 
On going from the range Eappl < Voc to the range Eappl > Voc the p-DSC passes from a regime of reverse bias to the one of 508 
forward bias when the photoelectrochemical cell is illuminated. Therefore, the general augmentation of the applied 509 
potential is expected to provoke the photoinjection of an increased amount of charge carriers (the holes). Such a photoeffect 510 
diminishes the resistive terms Rt and Rrec in all cases examined here (Figures 8, 10 and 12, top and middle plots). This 511 
occurs by virtue of the increase in the concentration of mobile charge carriers when the oxide is forwardly polarized [91]. 512 
Moreover, the microscopic parameters of τd, τh and Lh diminish upon increase in the forward potential and, consequently, 513 
upon the increase in the concentration of  photocarriers. The decrease in these parameters with the concentration of mobile 514 
charge photocarriers is a consequence of the limited number of hopping sites [90] through which the photoinjected holes 515 
travel within the mesoporous structure of NiO before reaching the interface FTO/NiO of charge collection. As expected, 516 
hole lifetime τh also diminishes with the increase in the concentration of mobile charge carriers due to the occurrence of a 517 
recombination reaction between photoinjected holes and the iodide. The recombination reaction between photoinjected 518 
holes and the iodide is a process with bimolecular kinetics at the NiO/electrolyte interface. The rate of such a process is 519 
directly proportional to the concentration of the photoinjected charges [26, 55]. The hole diffusion coefficient Dh decreases 520 
in the p-DSCs upon increase in CDCA concentration in the solution of NiO electrode sensitization. The decrease in Dh with 521 
[CDCA] is verified within the whole range of applied potential for the p-DSCs sensitized with the three dyes (Figures 9, 11 522 
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and 13, bottom left frames). This is in accordance with the fact that CDCA retards charge transport because of the exertion 523 
of a trapping effect on the photoinjected holes (vide supra). The latter phenomenon is then responsible for the lower hole 524 
diffusion coefficients determined in those photoelectrodes sensitized at the highest concentration of the co-adsorbent. With 525 
the exception of DS_47-sensitized cells, the two other asymmetric dyes produce cells that increase their respective hole 526 
diffusion coefficients upon forward bias, i.e. upon increase of the amount of injected charges. This constitutes an 527 
anomalous behaviour if charge transport occurs via a mechanism of trap-mediated hopping. The increase in charge carrier 528 
diffusivity in DS_45 and pSQ2-sensitized electrodes with the applied potential (Figures 9 and 11, bottom left plots) is 529 
associated to a generally scarce concentration of the charge carriers photoinjected in NiO after dye excitation and the 530 
presence of relatively large concentration gradients as well as longer diffusion lengths in these specific cases with respect to 531 
the other squaraine considered here.          532 
 533 
 534 
CONCLUSION 535 
The photoelectrochemical performance of variously sensitized p-DSCs with screen-printed NiO photocathodes was 536 
evaluated using the three asymmetric squaraines DS_45, DS_47 and pSQ2 as the dye sensitizers (Figure 1). In particular, 537 
we analysed the effect of the conditions of sensitization on the corresponding photoelectrochemical response of the cell 538 
when the solutions of sensitization contained variable concentrations of the co-adsorbent CDCA. In the absence of CDCA 539 
the overall efficiencies of the p-DSCs sensitized with DS_45, DS_47 and pSQ2 were dependent on the size of the alkyl 540 
substituent in the squaraine skeleton. Squaraine DS_45 produced the most efficient photoelectrochemical cells whereas the 541 
use of the sensitizer DS_47 led to less interesting performances. The co-adsorption of CDCA onto NiO electrode brings 542 
about a decrease in the surface concentration of the anchored dye as well as a blue shift of the characteristic wavelengths of 543 
optical absorption of the squaraines due to the protonation of the anchored dye and the consequent alteration of the extent 544 
of electronic conjugation in the surface immobilized dye. The adoption of CDCA as co-adsorbent drastically reduces the 545 
overall conversion performance of the resulting NiO-based p-DSCs mainly because of the decrease in JSC. Surface-546 
immobilized CDCA did not interfere with the mechanism of charge injection effectuated by the photoexcited squaraines. 547 
The present work gives the further confirmation that surface-immobilized CDCA acts as a deactivating agent of the 548 
photoelectrochemical activity of squaraine-sensitized NiO. This was evidenced through a drastic decrease in the conversion 549 
efficiency parameters when CDCA concentration increased in the solution of sensitization. This study reports one of the 550 
few cases in which the use of the anti-aggregating CDCA does not produce any beneficial effect on the sensitizing action of 551 
squaraines DS_45, DS_47 and pSQ2. The analysis of the electrochemical impedance spectra was conducted assuming that 552 
the model of the transmission line developed by Bisquert for the n-DSCs was valid also for p-DSCs. The potential 553 
dependence of the fitting electrical parameter showed that forward bias of the p-DSC induces a decrease in both resistive 554 
terms Rt  and Rrec. Such a decrease in Rt  and Rrec was common to the  p-DSCs sensitized with all the squaraines considered 555 
here. The chemical capacitance did not show any univocal trend with the applied potential when the concentration of 556 
CDCA was varied (vide supra).  557 
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